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Abstract: Non-reciprocal transmission of motion is potentially highly beneficial to a wide range 
of applications, ranging from wave guiding, to shock and vibration damping and energy 
harvesting. To date, large levels of non-reciprocity have been realized using broken spatial or 
temporal symmetries, yet only in the vicinity of resonances or using nonlinearities, thereby non-
reciprocal transmission remains limited to narrow ranges of frequencies or input magnitudes and 
sensitive to attenuation. Here, we devise a novel type of robotic mechanical metamaterials 
wherein we use local control loops to break reciprocity at the level of the interactions between 
the unit cells. We show theoretically that first-of-their-kind asymmetric standing waves at all 
frequencies and unidirectionally amplified propagating waves emerge. We demonstrate 
experimentally and numerically that this property leads to tunable, giant, broadband and 
attenuation-free non-reciprocal performances, namely a level of 50dB non-reciprocal isolation 
over 3.5 decades in frequency, as well as one-way amplification of pulses.  
Main Text:  
Reciprocity is a fundamental property of linear, time-invariant physical systems, entailing that 
their response functions are symmetrical, namely that signals are transmitted symmetrically 
between any two points in space (1). In other words, if one sends an electromagnetic, acoustic or 
mechanical signal through a material in one direction, one can also send it in the opposite 
direction. Over the last few years, there has been an explosion of interest for breaking reciprocity 
in optics (2-4), microwaves (5), acoustics (6) quantum systems (7, 8) and mechanics (9, 10), thus 
creating new tools to engineer a novel generation of devices and materials that guide, damp or 
control energy and information in unprecedented ways. Non-reciprocity has been achieved using 
passive structures combining broken spatial symmetries and nonlinearities (10, 11) and using 
active time-modulated components that break time-reversal symmetry (9, 12-15). These 
strategies have led to large levels of non-reciprocal isolations, but with input magnitudes or input 
frequencies that are limited to narrow ranges, and are sensitive to attenuation. Here, inspired by 
recent developments in robotics (16) and active metamaterials (12, 17, 18)  we introduce a novel 
robotic metamaterial (Fig. 1AB) that—through a combination of local sensing, computation, 
communication and actuation—uses distributed active-control to break reciprocity at the level of 
the interactions between the building blocks themselves. Such metamaterial features novel wave 
phenomena, namely asymmetric modes at all frequencies and unidirectional amplification and in 
turn realizes large, broadband, linear and self-amplified non-reciprocal transmission.  
We first investigate theoretically the emergent properties in a mass-and-spring model 
with non-reciprocal springs (Fig. 1A). For reciprocal mechanical structures (19-22), the stiffness 
matrix—relating displacements to forces—is symmetrical by virtue of the Maxwell-Betti 
reciprocity theorem (23, 24). In particular, for a simple spring, left-to-right and right-to-left 
stiffnesses are equal 𝑘"→$ = 𝑘$→". Here, we consider a special mass-and-spring model, where 
the left-to-right and right-to-left stiffnesses differ 𝑘"→$ = 𝑘 1 + 𝜀 ≠ 𝑘$→" = 𝑘(1 − 𝜀) (Fig. 
1A). We obtain the following continuum equation (See Supplementary Text) 
1𝑐. 	𝑑.𝑢𝑑𝑡. − 𝑑.𝑢𝑑𝑥. + 2𝜀𝑝 𝑑𝑢𝑑𝑥 = 0	,																																												(1) 
where 𝑐 = 𝑝 𝑘/𝑚 and where 𝑝 is the interparticle distance. In the case of reciprocal interactions 
(𝜀=0), Eq. (1) becomes the wave equation, which admits dispersion-free mechanical waves of 
group and phase velocity 𝑐. For non-reciprocal interactions 𝜀¹0, the first order term in Eq. (1) 
breaks inversion symmetry 𝑢 →	−𝑢, 𝑥 → 	−𝑥. This asymmetry has dramatic consequences on 
the nature of the mechanical waves, which can be readily seen from the solutions of this equation 
both in frequency domain and in real space. In frequency domain, solutions consist of a linear 
combination of the functions	 exp i	(𝜔	𝑡 −	𝑞±𝑥/𝑝) , where 𝑞± = 𝑖(𝜀 ± 𝜀. − 𝜔.𝑝./𝑐.). For 
small frequencies 𝜔 < 𝑐 𝜀 /𝑝, these solutions are exponentially localized standing waves, 
while for large frequencies 𝜔 > 𝑐 𝜀 /𝑝, they are localized oscillatory standing waves with an 
exponential envelope (Fig. 1B). Crucially, for 𝜀 > 0 (𝜀 < 0) the imaginary part of 𝑞± is always 
positive (negative) so these solutions are always localized on the right (left) edge. In real space, 
we obtain the Green’s function of Eq. (1) (see Supplementary Text), which is an asymmetric step 
function propagating at a velocity 𝑐 with a wave front magnitude given by	c	exp 	𝜀	𝑐	𝑡/𝑝 /2 
(	c	exp −𝜀	𝑐	𝑡	/𝑝 /2) for 𝑥 > 0 (𝑥 < 0). For any value of 𝜀 > 0 (𝜀 < 0), the initial pulse is 
amplified for forward (backward) propagation and attenuated for backward (forward) 
propagation (Fig. 1C). Therefore, the .EF GHGI term that breaks inversion-symmetry in Eq. (1) leads 
to waves with two unprecedented features, namely spatial asymmetry at all frequencies and 
unidirectional amplification.  
In order to create a system with such non-reciprocal local interactions, it is important to 
realize that breaking translational invariance by adding local external forces is necessary. To do 
so, we built a metamaterial made of ten “robotic” building blocks (Fig. 2A). Each robotic unit 
cell consists of a mechanical rotor with a rotational moment of inertia 𝐽, of a local control system 
and is mechanical coupled to its neighbors via pre-stretched elastic beams resulting in a torsional 
stiffness 𝐶 (Fig. 2BC). The control system measures the rotor’s angular position 𝜃"	and collects 
that of its right neighbor 𝜃$, and applies an additional torque 𝜏"N = 𝐶	𝑓(𝛼)	(𝜃" − 𝜃$) on the 
rotor. 𝛼 is a non-dimensional feedback parameter and 𝑓(𝛼)	is a gain function (See 
Supplementary Text). We calibrate the torque vs. angle response between two unit cells and find, 
as expected, that 𝐶"→$= 𝐶 differs from 𝐶$→" = 	𝐶(1 − 𝑓(𝛼)) (Fig. 2D). While such tunable non-
reciprocal response is not surprising¾ultimately it is achieved at the level of each unit cell’s 
microcontroller¾the novelty of our approach lies in coupling many such robotic non-reciprocal 
unit cells together. 
To test the predictions of the mass-and-spring model, we now investigate experimentally 
and numerically the stationary response of our ten-unit cells robotic metamaterial to harmonic 
excitations on the left and on the right edges over a wide range of input frequencies (see 
Supplementary Text for details). In the reciprocal case a=0 (Fig. 3A), we observe that the 
angular displacement profiles either decay exponentially or oscillate. The responses to left and 
right excitations are simply related by mirror symmetry, which demonstrates that the 
metamaterial response is inherently symmetrical. In contrast, in the non-reciprocal case a=0.43 
(Fig. 3B), we observe a strong asymmetry in the angular displacement profiles. When excited 
from the right, the response is more localized close to the excitation point and when excited from 
the left, the response is more extended towards the right and even increases for large frequencies. 
This asymmetry is further quantified by the spatial decays of the profiles, which are opposite in 
the reciprocal case a=0 and differ in the non-reciprocal case a=0.43 (Fig. 3C), regardless of the 
driving frequency. We therefore observe asymmetric modes at all frequencies, as predicted by 
the solutions of Eq. (1). 
Does such strong asymmetry lead to non-reciprocal transmission? To address this 
question, we calculate the transmissions 𝑇"→$ 𝑓 = 20 logUV 𝜃$WHX/𝜃"YZ  and 𝑇$→" 𝑓 =20 logUV 𝜃"WHX/𝜃$YZ  from the angular displacements profiles obtained above. In the reciprocal 
case (a=0), we observe a symmetrical transmission, typical of a resonant low-pass filter, with a 
saturated plateau of amplitude –37 +/- 1 dB at small frequencies and a broad peak corresponding 
to the system resonances beyond which the transmission signal starkly decreases at 
360dB/decade (Fig. 2E). For the non-reciprocal case (a=0.43), the left-to-right and right-to-left 
transmissions differ vastly—by more than 50dB—over a wide range of frequencies, from 0.001 
to 5Hz (Fig. 2F). Importantly, such non-reciprocal isolation increases with the system size (Fig. 
2F-inset). Therefore, the existence of the asymmetric modes at all frequencies leads to an 
extremely large level of non-reciprocal transmission over a very large range of frequencies, a 
performance that is unprecedented amongst wave-based physical systems. 
Since the non-reciprocal transmission is broadband, our robotic metamaterial is in 
principle an excellent non-reciprocal device for pulses, which have a broadband spectral 
signature. To demonstrate this, we excite our metamaterial with half-sine shaped pulses of 
amplitude 0.04 rad and duration 100 ms, either from the left or right edge. In the reciprocal case 
a=0, the response is strictly the same regardless of the excitation point (Fig. 3A-C). The pulses 
propagate across the metamaterial, reflect on the opposite edge, propagate back, reflect on the 
initial edge, and so on. After a short transient and before the first reflection, the pulse amplitude 
decreases. By contrast, in the non-reciprocal case a=0.62 (Fig. 3D-F), the pulse attenuates 
strongly when excited from the right and is amplified when excited from the left. Such 
unidirectional amplification is tunable (see Fig. 4F-inset) and is in qualitative agreement with the 
behavior of the Green’s function of Eq. (1) discussed above. 
To conclude, we have devised a novel class of robotic mechanical metamaterials, that are 
embedded with non-reciprocal interactions through local control-loops. As a result, they feature a 
completely novel type of wave phenomena, which show spatial asymmetry of standing waves at 
all frequencies leading to unprecedented broadband giant level of non-reciprocity and which 
exhibit unidirectional amplification of pulses. These non-reciprocal robotic metamaterials offer 
new vistas for applications where unidirectional transmission of energy is useful, e.g. for 
communication and sensing (3, 6, 13, 18, 25), shock and vibration damping and energy 
harvesting (17, 26). Our study opens up a plethora of future research directions, e.g. the 
investigation of instabilities (27) and exceptional points (28), miniaturization, and generalization 
in higher dimensions, and beyond mechanics for acoustics, flexural waves photonics and 
quantum systems. 
 
 
 
  
References: 
1. H. B. G. Casimir, On Onsager's principle of microscopic reversibility. Rev. Mod. Phys. 
17, 343 (1945). 
2. N. A. Estep, D. L. Sounas, J. Soric, A. Alù, Magnetic-free non-reciprocity and isolation 
based on parametrically modulated coupled-resonator loops. Nat. Phys. 10, 923-927 
(2014). 
3. F. Ruesink, M. A. Miri, A. Alu, E. Verhagen, Nonreciprocity and magnetic-free isolation 
based on optomechanical interactions. Nat. Comm. 7, 13662 (2016). 
4. R. J. Potton, Reciprocity in optics. Rep. Prog. Phys. 67, 717-754 (2004). 
5. T. Kodera, D. L. Sounas, C. Caloz, Magnetless Nonreciprocal Metamaterial (MNM) 
Technology: Application to Microwave Components. IEEE Trans. Microw. Theory 
Techn. 61, 1030-1042 (2013). 
6. R. Fleury, D. L. Sounas, C. F. Sieck, M. R. Haberman, A. Alu, Sound isolation and giant 
linear nonreciprocity in a compact acoustic circulator. Science 343, 516-519 (2014). 
7. H. K. Lau, A. A. Clerk, Fundamental limits and non-reciprocal approaches in non-
Hermitian quantum sensing. Nat. Comm. 9, 4320 (2018). 
8. V. Peano, M. Houde, F. Marquardt, A. A. Clerk, Topological Quantum Fluctuations and 
Traveling Wave Amplifiers. Phys. Rev. X 6,  (2016). 
9. L. M. Nash et al., Topological mechanics of gyroscopic metamaterials. Proc. Natl. Ac. 
Sc. U. S. A. 112, 14495-14500 (2015). 
10. C. Coulais, D. Sounas, A. Alù, Static non-reciprocity in mechanical metamaterials. 
Nature 542, 461-464 (2017). 
11. D. L. Sounas, J. Soric, A. Alù, Broadband passive isolators based on coupled nonlinear 
resonances. Nat. Electron. 1, 113-119 (2018). 
12. A. Souslov, B. C. van Zuiden, D. Bartolo, V. Vitelli, Topological sound in active-liquid 
metamaterials. Nat. Phys. 13, 1091-1094 (2017). 
13. D. L. Sounas, A. Alù, Non-reciprocal photonics based on time modulation. Nat. Photon. 
11, 774-783 (2017). 
14. Y. Hadad, J. C. Soric, A. Alu, Breaking temporal symmetries for emission and 
absorption. Proc. Natl. Ac. Sc. U. S. A. 113, 3471-3475 (2016). 
15. Y. Wang et al., Observation of Nonreciprocal Wave Propagation in a Dynamic Phononic 
Lattice. Phys. Rev. Lett. 121, 194301 (2018). 
16. M. A. McEvoy, N. Correll, Materials science. Materials that couple sensing, actuation, 
computation, and communication. Science 347, 1261689 (2015). 
17. G. X. Trainiti, Yiwei; Marconi, Jacopo; Erturk, Alper ; Ruzzene, Massimo, Time-
periodic stiffness modulation in elastic metamaterials for selective wave filtering: theory 
and experimental investigations. arXiv, 1804.09209 (2018). 
18. E. Rivet et al., Constant-pressure sound waves in non-Hermitian disordered media. Nat. 
Phys. 14, 942-947 (2018). 
19. C. Kittel, in Introduction to Solid State Physics. (Wiley New York, 1976),  chap. 4. 
20. C. L. Kane, T. C. Lubensky, Topological boundary modes in isostatic lattices. Nat. Phys. 
10, 39-45 (2014). 
21. S. D. Huber, Topological mechanics. Nat. Phys. 12, 621-623 (2016). 
22. M. Serra-Garcia et al., Observation of a phononic quadrupole topological insulator. 
Nature 555, 342-345 (2018). 
23. J. C. Maxwell, XLV. On reciprocal figures and diagrams of forces. Phil. Mag. Ser. 4 27, 
250-261 (1864). 
24. E. Betti, Teoria della elasticita’. Il Nuovo Cimento (1869-1876) 7, 69-97 (1872). 
25. A. B. Khanikaev, R. Fleury, S. H. Mousavi, A. Alu, Topologically robust sound 
propagation in an angular-momentum-biased graphene-like resonator lattice. Nat. 
Commun. 6, 8260 (2015). 
26. S. Gonella, A. C. To, W. K. Liu, Interplay between phononic bandgaps and piezoelectric 
microstructures for energy harvesting. J. Mech. Phys. Solids 57, 621-633 (2009). 
27. K. Bertoldi, V. Vitelli, J. Christensen, M. van Hecke, Flexible mechanical metamaterials. 
Nat. Rev. Mater. 2, 17066 (2017). 
28. R. El-Ganainy et al., Non-Hermitian physics and PT symmetry. Nat. Phys. 14, 11-19 
(2018). 
 
Acknowledgments: We thank D. Giesen, G. Hardeman, U. van Hes, T. Walstra and T. Weijers 
for their skillful technical assistance. We are grateful to A. Alù and J. van Wezel for insightful 
discussions. C.C. acknowledges funding from the Netherlands Organization for Scientific 
research (NWO) VENI grant No. NWO-680-47-445. 
  
Figures: 
 
Fig. 1. Asymmetric and unidirectionally amplified waves in a non-reciprocal mass-and-
spring model. (A) Schematic representation of the non-reciprocal mass-and-spring model. (B) 
Magnitude of the solutions of Eq. (1) in the frequency domain exp	(𝑖(𝜔𝑡 − 	𝑞±𝑥/𝑝)) vs. space 
coordinate 𝑥, for three different frequencies.	(C) Green’s function of Eq. (1) vs. time and spatial 
coordinates. In (B) and (C) 	𝜀 = 0.9 and c = 0.5. 
 
 
 Fig. 2. Robotic metamaterial with non-reciprocal interactions. (A) Robotic metamaterial 
made of 10 unit cells mechanically connected by soft elastic beams. (BC) Close-up (B) and 
sketch (C) on two unit cells. Each unit cell is a minimal robot with a unique rotational degree of 
freedom that comprises an angular sensor (i), a coreless DC motor (ii), and a microcontroller 
(iii). Each unit cell communicates with its right neighbor via electric wires (iv). These 
components allow to program a control loop characterized by the feedback parameter a (see 
main text for definition). (D) Rescaled torsional stiffnesses 𝐶"→$/𝐶 (red) and 𝐶$→"/𝐶 (blue) as a 
function of the feedback parameter 𝛼.  
 Fig. 3. Asymmetric standing waves and broadband unidirectional transmission. Stationary 
response under sinusoidal excitations at the left (red squares) or right (blue dots) edge of the 
metamaterial. (AB) Amplitudes of oscillation rescaled by the amplitude of actuation as a 
function of the unit cell position for sinusoidal excitations with a=0 (A) and a=0.43 (B) at 
frequencies 0.02 Hz (top) and 4.22 Hz (bottom). See also Supplementary Movie 1. (CD) Spatial 
decay rates of the amplitudes of oscillation vs. frequency with a=0 (C) and a=0.433 (D). (EF) 
Left-to-right (𝑇"→$) and right-to-left (𝑇$→") transmissions as a function of the excitation 
frequency (f) for a feedback parameter a=0 (E) and a=0.433 (F). (F-inset) Isolation at low 
frequency 𝐼 = 𝑇"→$ − 𝑇$→" as a function of the number of unit cells N, for a=0.43. For each 
graph, markers depict the experiments and solid lines the numerical model that has been 
independently calibrated without any fit parameters (see Supplementary Text). The agreement is 
very good until 3Hz, above which the numerical model is too simplistic to accurately capture 
internal vibrations of the rubber bands. Besides, note that beyond 10Hz our experimental system 
cannot drive and measure. 
  
  
Fig. 4. Unidirectional pulse amplification. (A-E) Contour plots of the angular displacement vs. 
space coordinate and time for a feedback parameter a=0 (AB) and a=0.62 (DE), upon pulse 
excitation on the left (AD) and right (BE) edge of the metamaterial. (CF) Instantaneous 
maximum magnitude of the propagation pulse vs. time for a feedback parameter a=0 (C) and 
a=0.62 (F). The points correspond to the experimental data, the thin solid lines to the numerical 
model without any fit parameters. (F-inset) Decay rate 𝛿 derived from exponential fits of the 
form exp	(−𝛿	𝑡) on the maximum amplitude of pulses propagating from left to right for different 
values of feedback parameter a. See also Supplementary Movie 2. 
